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ABSTRACT Published data on tooth size in 48 species of non-human pri- 
mates have been analyzed to determine patterns of variability in the primate 
dentition. Average coefficients of variation calculated for all species, with 
males and females combined, are greatest for teeth in the canine region. In- 
cisors tend to be somewhat less variable, and cheek teeth are the least variable. 
Removing the effect of sexual dimorphism, by pooling coefficients of variation 
calculated for males and females separately, reduces canine variability but does 
not alter the basic pattern. Ontogenetic development and position in functional 
fields have been advanced to explain patterns of variability in the dentition, 
but neither of these appears to correlate well with patterns documented here. 
We tentatively suggest another explanation. Variability is inversely propor- 
tional to occlusal complexity of the teeth. This suggests that  occlusal complex- 
ity places an important constraint on relative variability within the dentition. 
Even when the intensity of natural selection is equal a t  all tooth positions, 
teeth with complex occlusal patterns must still be less variable than those with 
simple occlusion in order to function equally well. Hence variability itself can- 
not be used to estimate the relative intensity of selection. Low variability of 
the central cheek teeth (Mi and M:) makes them uniquely important for 
estimating body size in small samples, and for distinguishing closely related 
species in the fossil record. 
The existence of variation is a prerequisite 
for evolution by natural selection. No descrip- 
tion of an organ, organism, or population is 
complete without characterizing both its typi- 
cal characteristics and the variations or 
deviations from typical. Books have been writ- 
ten about variation and variability in mam- 
mals (e.g., Berry and Southern, "70; Yablakov, 
'74; see also Long, '69), but relatively little is 
yet known about the variability of many ana- 
tomical systems. The study of variation and 
variability is time consuming because mea- 
surements of large samples are required for 
adequate characterization. In recent years 
tooth size has been studied in many primates. 
Hooijer ('48) described the variability of the 
orangutan dentition in one of the earliest 
quantitative studies based on a large sample 
size. Additional studies have since appeared 
that  document dental variability in other spe- 
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cies of living primates (Schuman and Brace, 
'55; Freedman, '57; Olson and Miller, '58; 
Hooijer. '60; Swindler et al., '63; Biggerstaff, 
'66; Zingeser, '67; Pilbeam, '69; Leutenegger, 
'71: Wolpoff, '71; Gingerich, '74; Johanson, 
'74; Swindler, '76; Gingerich and Ryan, '791. 
Most of these papers describe dental vari- 
ability in anthropoid primates, and relatively 
little has been reported of variability in pro- 
simians. 
In this study we have attempted to achieve 
something of a synthesis by analyzing vari- 
ability across a broad range of primates. The 
analysis shows that  there is a definite pattern 
to dental variability in primates. This pattern 
is important for understanding functional 
fields in the dentition. Knowledge of the pat- 
tern is also very useful for interpreting the 
systematic relationships and the adaptations 
of fossil primates. 
457 
458 PHILIP D. GlNGERICH AND MARGARET J. SCHOENINGER 
MATERIALS AND METHODS 
The most complete compilation of statistics 
on tooth size in primates is the recent book by 
Swindler (’76). Swindler lists means and stan- 
dard deviations of tooth length and width for 
males and females of 56 species of primates. 
We used all of Swindler’s data for which the 
sample size a t  a given tooth position in males 
and in females is equal to or greater than five, 
i.e., a minimum of five males and five females 
were included in any sample used in our analy- 
sis. A total sample size of ten is far below 
optimum for characterizing variability in an 
individual species, but it is probably adequate 
for use in statistical summaries of variability 
across many species. Most species included 
were represented by many more than five indi- 
viduals of each sex. This arbitrary sample size 
criterion reduced the number of species from 
Swindler’s tables that we included in the anal- 
ysis to 44. We added data for four species of 
Indriidae from Gingerich and Ryan (‘79) to in- 
crease the representation of prosimians. The 
final 48 species included representatives of 
Tupaiidae (2 sp.), Lemuridae (1 sp.), Indriidae 
(4 sp.), Lorisidae (4 sp.), Tarsiidae (1 sp. com- 
posite), Callitrichidae (1 sp.), Cebidae (7 sp.), 
Cercopithecoidae (22 sp.), Hylobatidae (2 sp.), 
and Pongidae (4 sp.1. 
Swindler (’761, and Gingerich and Ryan 
(’79) give statistical summaries separately a t  
each tooth position for the males and females 
of each species. Data for males and females 
were combined in two ways: (1) We first com- 
bined the means and standard deviations 
using the following appropriately weighted 
formulae (Gingerich, ’74: p. 897): 
xc = n m i m  + nf% 
“m _+ “f 
sc = ,/ nmbm2 + dm2) + nf(sf2 + d:) 
nm L n f  
where: 
n, and nf are the number of males and females 
respectively 
k, k, and k, are the male, female, and com- 
bined means 
s,, sf and s, are the male, female and com- 
bined standard deviations 
d, = ic, - km 
d - k  - -  
f -  c Xf 
The coefficient of variation of the species sam- 
ple is then: 
This is an  “across-sex’’ coefficient including 
v = 1 O O S C / ~ ,  
the variability contributed by sexual dimorph- 
ism (where present) as well as inherent vari- 
ability a t  each tooth position for each species. 
(2) To factor out any contribution of sexual di- 
morphism, we also computed coefficients of 
variation separately for males and for 
females, using the standard formulae: 
v, = loosmi:m 
v, = 100Sf/%f 
A weighted mean coefficient of variation was 
calculated from these separate male and 
female coefficients, using the formula: 
v* = nmVm + nfVf 
“m + nf 
The result is a “within-sex” coefficient of vari- 
ation a t  each tooth position for each primate 
species. V is the normal coefficient of varia- 
tion for a species, and V* is the coefficient 
with sex related variability removed. Finally, 
the mean and the range for each of the two 
coefficients of variation, V and V*, were com- 
puted a t  each tooth position for all species rep- 
resented. The results are presented in table 1 
and illustrated graphically in figures 1 and 2. 
A note should be added here concerning the 
statistical summaries published by Swindler 
(’76). Most of his original measurements were 
made on plaster dental casts made from al- 
ginate impressions of the original primate 
specimens. These were carefully made, and a 
series of measurements on casts were tested 
against measurements of the original speci- 
mens to demonstrate that  the two are directly 
comparable (Swindler et  al., ’63). I t  is thus un- 
likely that Swindler’s (’76) measurements of 
means are  significantly biased. However, 
these extra steps involved in going from the 
original specimen to the final measurement 
are bound to increase, a t  least slightly, the 
variance in the final result. Similarly, many of 
Swindler’s samples are geographically hetero- 
geneous, which might also increase the vari- 
ance over that  found in more homogeneous 
samples. Neither a slight systematic bias in 
means nor a slight systematic bias in vari- 
ances should affect the patterns of variability 
shown here, but the absolute ualues of the 
various coefficients of variation appear to be 
slightly higher than expected and this could 
well be a result of measuring casts and/or 
using geographically heterogeneous samples. 
Many of the authors listed in the beginning of 
the article have published statistical summa- 
ries based on measurements of original speci- 
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TABLE 1 
Coefficients of uariation of tooth length (L) and width (Wi for N species of primates 































































































































































































































mens in geographically homogeneous sample 
populations, and these should be consulted 
when values of the coefficients of variation in 
a single species are needed. 
VARIABILITY IN TOOTH SIZE 
Average coefficients of variation a t  dif- 
ferent tooth positions across a broad range of 
primates are listed in table 1. Calculating the 
coefficients of variation for each species with 
males and females combined (V) yields an ex- 
treme range of values from a minimum of 3.1 
to a maximum of 46.3. The average values of V 
a t  different tooth positions from 5.8 for M, 
length to 17.4 for lower canine width. There is 
a definite pattern to the average values calcu- 
lated for combined samples of males and 
females. This pattern is illustrated by the 
solid circles in figure 1. The canine region of 
the dentition is consistently the most vari- 
able, with average coefficients of variation of 
about 15.0 for the canines and for the most an- 
terior lower premolars occluding with the 
upper canines. The incisor region has average 
coefficients of variation of about 10.0. The re- 
mainder of the premolar and molar dentition 
has average values ranging from about 8.0 a t  
the anterior or posterior ends of the series to a 
low of about 6.0 or 7.0 in the middle of the 
series (Mi and Mi).  Three functional fields can 
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be identified in the primate dentition: an in- 
cisor field, a canine field, and a cheek tooth 
field (Butler, ’39; and others). Each of these 
functional fields has a characteristic level of 
variability, with the canine field being most 
variable, cheek tooth field being least vari- 
able, and the incisor field being intermediate 
in variability. 
The functional field with the greatest vari- 
ability, the canine field, is known to be highly 
dimorphic ,in most anthropoid primates. We 
anticipated that sexual dimorphism might 
adequately explain the high variability ob- 
served in canine size. This was tested by calcu- 
lating coefficients of variation within each 
sex, and then computing a weighted average 
of these (V*) a t  each tooth position for each 
species (table 1). Variability calculated in this 
way is consistently slightly less than that cal- 
culated for mixed male and female samples be- 
cause the original samples are more homoge- 
neous ke., all of one sex). As expected, the 
very high average coefficients of variation in 
the canine functional field were reduced con- 
siderably when the effect of sex was removed. 
The average coefficients of variation, V*, a t  
different tooth positions calculated by the 
“within-sex” method are shown graphically 
with solid circles in figure 2. The solid line seg- 
ments connecting solid circles show the pat- 
tern of variability with the contribution of 
sexual dimorphism removed. The dashed line 
segments in figure 2 represent the patterns of 
variability shown by solid line segments in 
figure 1, which include the contribution of 
sexual dimorphism. The difference between 
“across-sex” means and “within-sex’’ means 
in table 1 is a measure of the contribution of 
sexual dimorphism to dental variability in pri- 
mates. The area between the solid connecting 
segments and the dashed line segments in 
figure 2 represents the same contribution 
graphically. As expected, variability of the ca- 
nine teeth is most affected by sexual dimorph- 
ism. Surprisingly, however, even after the ef- 
fect of sex differences is factored out, teeth in 
the canine functional field are still slightly 
more variable than those in the incisor or 
cheek tooth fields. The relatively higher vari- 
ability of canine teeth cannot be explained 
solely as a result of sexual dimorphism. 
DISCUSSION 
The results of this study are interesting for 
several reasons. As outlined above, the rela- 
tively high variability of teeth in the canine 
functional field (C{ and P, or P,) cannot be 
adequately explained by sexual dimorphism 
alone. Sexual dimorphism contributes the 
greatest component to canine variability, but 
when this effect is removed the canine field 
still has slightly higher variability than 
neighboring fields. 
In a previous study, Gingerich (’74) advance 
two hypotheses to explain patterns of size var- 
iability in the mammalian dentition: (1) se- 
quences of ontogenetic development -late de- 
veloping teeth might be more variable due to 
increasing hormonal differentiation associ- 
ated with sexual dimorphism, and (2) vari- 
ability may follow the pattern of functional 
fields in the dentition-teeth in the center of 
incisor, canine, and cheek tooth fields being 
less variable because they are a more critical 
component of an  animal’s adaptation than 
teeth a t  the periphery of fields. A subsequent 
study of patterns of dental variability in large 
samples of four species of Indriidae indicated 
that the first of these hypotheses is not viable. 
The second molars in indriids were consistent- 
ly less variable than first molars even though 
they develop and erupt later (Gingerich and 
Ryan, ’79). We have also calculated rank cor- 
relations of dental eruption sequence with 
variability in the upper and lower dentition of 
all four species of Indriidae. These correla- 
tions do not even approach statistical signifi- 
cance, and in fact tend to be slightly negative. 
The second hypothesis, that  variability fol- 
lows the pattern of functional fields in the 
dentition, appeared to be substantiated by 
patterns in Indriidae (Gingerich and Ryan, 
’791, where the upper canine with caniniform 
lower P, and the central cheek teeth (M$ are 
less variable than surrounding teeth. This ap- 
peared plausibly to be a reflection of underly- 
ing canine and cheek tooth functional fields. 
However, our results presented here do not 
corroborate the functional field hypothesis as 
an explanation of variability patterns, and the 
patterns in Indriidae can as well be explained 
by the new hypothesis outlined below. Figure 
Fig. 1 Patterns of variability in the upper and lower 
dentition of primates, with the “across-sex” coefficient of 
variation V calculated as outlined in the text. Solid circles 
are means and vertical bars are ranges of V at each tooth 
position for the number of species shown at  the base of 
each vertical bar. Solid line segments connect means, 
showing a pattern of high canine variability and low 
molar size variability. Data from table 1. 
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2 shows that the patterns of variability in the 
cheek teeth of primates conform to the ex- 
pected field effect, but there is no reduction in 
canine variability corresponding to a canine 
functional field. The upper central incisors are 
less variable than their lateral counterparts, 
as would be expected for a single incisor field 
extending across the midline and incorporat- 
ing all of the incisors, but in the lower denti- 
tion the reverse is the case: the central in- 
cisors are more variable than the lateral in- 
cisors. As a result, neither of the previously 
proposed hypotheses appears to explain the ob- 
served patterns of dental variability. 
Another explanation for the observed pat- 
terns is suggested by figure 2, and we here ten- 
tatively advance a new hypothesis that  vari- 
ability is inversely proportional to occlusal 
complexity. Canine teeth are usually the 
simplest in the dentition in terms of both their 
form and their occlusion. Upper canines in 
most primates have a simple, pointed crown 
that occludes with a similarly shaped lower 
canine and/or anterior lower premolar. This 
occlusion involves only one curved edge con- 
tacting and moving past another similarly 
curved edge. Any slight malocclusion is auto- 
matically corrected by the wear of one edge 
against the other. Incisor teeth in many pri- 
mates (including those best represented in our 
data set) are spatulate in shape, and occlude 
with the straight edge of a lower incisor 
matching the straight edge of an upper. In- 
cisors are constrained both by neighboring 
teeth and by their edge-to-edge occlusion. 
Cheek teeth have the most complex crown 
morphology, with numerous precisely posi- 
tioned cusps on the lower premolars and 
molars occluding with their counterparts in 
the upper dentition. These cusps are usually 
positioned in such a way that the same teeth 
can he used differently in several occlusal 
phases and functions. Because of this complex 
occlusion, less variability can be tolerated in 
the cheek tooth region if these teeth are to 
function properly. 
Patterns of variability like those shown in 
figure 2 are sometimes explained as a reflec- 
tion of the differential selective value of dif- 
ferent dental elements, with low variability 
indicating highest selective value (e.g., Gin- 
gerich and Ryan, ’79). Exceptionally high var- 
iability is usually associated with characters 
that  are not rigidly integrated and/or with 
non-functional or vestigial characters (Simp- 
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son, ’53; pp. 75, 148). Applying this interpreta- 
tion to patterns of size variability in the pri- 
mate dentition, cheek teeth would appear to 
have the highest selective value and canine 
teeth the lowest selective value. However, all 
of the teeth are parts of one dentition, and an  
alternative interpretation is possible. Natural 
selection acts on individuals, and the survival 
of an individual primate in the wild requires 
that all components of its dentition occlude a t  
some minimal functional level. Teeth with 
simple occlusion (canines) can be relatively 
more variable in size and form than teeth with 
complex occlusion (cheek teeth) and still oc- 
clude a t  the same functional level. The rela- 
tive variability of teeth a t  different positions 
is not a measure of the relative selective value 
or intensity of selection. The data presented 
here suggest that  dental variability is in- 
versely proportional to occlusal complexity. 
Even if the intensity of selection is equal a t  all 
tooth positions, teeth with complex occlusal 
patterns must be less variable than teeth with 
simple occlusion in order to function equally 
well. Variability within the dentition is proba- 
bly more a measure of occlusal complexity 
than of the relative intensity of selection. 
The three hypotheses that have been ad- 
vanced to explain patterns of dental vari- 
ability in primates are not mutually exclusive. 
There may he an ontogenetic contribution to 
variability, and there may well be some field 
effect, but neither of these by itself is suffi- 
cient to explain the observed patterns. The oc- 
clusal complexity hypothesis proposed here 
does account for patterns of variability pub- 
lished to date, but its generality remains to be 
tested by detailed studies of variability in in- 
dividual primate species and other mamma- 
lian groups. 
Two final points need to be discussed. The 
relatively low variability of central cheek 
teeth (Mi and M$ makes them the most useful 
for estimating the average body size of a pri- 
mate species from a sample of dental remains 
such as one typically finds in the fossil record. 
Fig. 2 Patterns of variability in the upper and lower 
dentition of primates, with the “within-sex” coefficient of 
variation V* calculated as outlined in the text. Means, 
ranges, and sample sizes are shown for each tooth position 
as in figure 1. Dashed lines show pattern of variability in 
V (from fig. 1) compared to that  of V* shown here with 
solid line segments. Note reduction in canine variability 
when the effect of sexual dimorphism is removed. Note 
also that  variability of teeth in the canine field still re- 
mains relatively high. Data from table 1. 
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Tooth size a t  other positions is also very high- 
ly correlated with body size, but the fact that  
tooth size is more variable a t  the other posi- 
tions necessarily reduces the  correlation 
slightly. I t  is possible that canine tooth size is 
more highly correlated with individual body 
size than is the size of a central cheek tooth 
(especially in dimorphic species), but for a 
general estimate of the average body size of a 
species calculations based on Mi or M: size are 
likely to give the best results. Kay ('75) has 
shown that M, length is highly correlated 
with body weight in primates (r = 0.961, and 
first or second molar length can be used effec- 
tively to estimate body size in fossil primates 
(Gingerich, '77; Fleagle, '78). 
Gingerich ('74) suggested that the size of M, 
tends to be the least variable of the lower 
cheek teeth across a range of mammals. Fur- 
ther study of additional species has in some 
cases supported this (Gingerich and Winkler, 
'791, while in other species it is clear that  M, is 
the least variable (Gingerich and Ryan, '79). 
It  appears that  in different species the posi- 
tion of lowest size variability is centered over 
different cheek teeth, depending on the length 
and conformation of the cheek tooth field. Our 
study of dental variability across a broad 
range of primates supports the general hy- 
pothesis that  Mf or Mf will be the least vari- 
able. These are thus the best teeth on which to 
base size diagnoses of very closely related spe- 
cies. Siege1 ('78) and others have questioned 
basing diagnoses of fossil primate species on 
tooth size, suggesting that bimodality of tooth 
size within a species may make interpreta- 
tions ambiguous. Some primate species have 
statisticalZy significant differences in molar 
size between males and females, but this is 
never of a sufficient magnitude to make the 
distributions of molar size bimodal. Canine 
size is often bimodal in primate species, but 
the size of the first or second molars never is 
(cf. Pilbeam and Zwell, '72: figs. 3, 4). 
CONCLUSIONS 
The publications listed in the introduction 
and our analysis presented here indicate that 
dental variation and patterns of variability 
are becoming relatively well known in pri- 
mates. Variability itself cannot be used to 
estimate the relative intensity of selection in 
the primate dentition because variability also 
appears to be related to occlusal complexity. 
The central cheek teeth are the least variable 
teeth in the primate dentition, and they are 
MARGARET J. SCHOENINGER 
thus very useful for predicting the average 
body size of species and for size diagnoses of 
closely related and morphologically similar 
species. 
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